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Chapter 3
Background

3.1 Review of Previous Kinetic Studies

Benzyl chloride was first obtained from benzyl alcohol and hydrochloride acid by Cannizzaro in 1853.  The earliest producers of benzyl chloride in the United States were  Heyden Chemical Company and Allied Chemical dating back to the middle of 1920s (Kroschwitz and Howe-Grant 1979).  Now Solutia Company (spined off from Monsanto Company), with plants in Belgium (23,000 t/yr) and Bridgeport, New Jersey  (40,000 t/yr), is the largest producer in the world (Kroschwitz and Howe-Grant 1993). Benzyl chloride is manufactured by the thermal or photochemical chlorination of toluene (Faith, 1975).  In commercial practice, the chlorination of toluene is carried out either in batches or continuously (Shearon 1949; Kroschwitz and Howe-Grant 1993). 

The side-chain chlorination of toluene proceeds via a set of consecutive reactions. These reactions can be expressed by the following overall stoichiometric equations:








[image: image57.wmf]cl

I

I

e

-

=

0

10

log


The proposed reaction mechanism involves a series of free-radical reactions. All the possible reaction steps published in the literatures (Huyser 1970; McKetta 1979; André, Tournier and Deglise 1983; March 1992) are shown as follows: 




















































The chlorine free radicals can be formed thermally (Haring and Knol 1964), photochemically (Ritche and Winning 1950; Haring and Knol 1964; Ratcliffe 1966; Font and Ratcliffe 1972; André, Tournier and Deglise 1983; Yokota et al 1983), or catalytically.  Beta and gamma radiations have also been demonstrated as effective means of producing chlorine free radicals (Ryabov et al. 1972; Yang, Thomas and Cullinan 1975). In thermal initiation, some of the chlorine molecules, as they obtain sufficient energy by molecular collision, are dissociated into chlorine free radicals. The energy required for the dissociation can also be supplied through electromagnetic radiation. The appropriate radiation source is determined based on the energy of the covalent single bond of the chlorine molecule. The energy of the single bond of a chlorine molecule is 58 kcal/mol (Lide 1997). A certain wavelength of electromagnetic radiation possesses an energy given by E=h, where  is the frequency of the radiation and h is Planck's constant. Therefore, radiation needed to induce the cleavage of the chlorine molecule into free radicals is of wavelength less than 495 nm. The lower the wavelength of the radiation the higher its energy. Visible and ultraviolet (UV) lights are commonly used as radiation sources to promote the chlorination of toluene (Haring and Knol 1964; Font and Ratcliffe 1972; André, Tournier and Deglise 1983; Yokota et al. 1983).

As long as the chlorine free radicals are generated in the initiation step (3-4), the free radical chain reaction can proceed via propagation steps from (3-5) to (3-10) in which a chlorine free radical is first consumed and then regenerated. The chain length is quite high and of the order of 104 according to Shvets et al.'s (1970) experimental results. In other words, for each radical generated by the initiation step about 104 molecules of the reaction products can be formed. The high value implies that the reaction can be conducted with very low levels of radical initiation. 

Equations (3-11) to (3-20) are all the possible chain termination reactions. The wall of the vessel and the impurities in the reaction mixture, such as oxygen, which is known a free radical scavenger, are often thought to promote these chain termination reactions (Ritche and Winning 1950; Shvets et al. 1970). Some researchers asserted that the termination was due to the reaction between hydrocarbon free radicals, such as reactions (3-15) to (3-20) (Shvets et al. 1970). Others based on their observed kinetic rate expressions (Ryabov et al. 1972;Yang, Thomas and Cullinan 1975; André, Tournier and Deglise 1983) believed that the termination reaction depended only on the reaction between the chlorine free radicals, such as equation (3-11).

The published results on the rate limiting step of the above chain reactions are conflicting. March (1992) assumed that the attack on the hydrocarbon by the chlorine free radical was the rate limiting step according to his investigation.  However, based on their kinetic studies, Shvets and coworkers (1970) concluded that the rate-limiting step was the reaction between the hydrocarbon free radical and chlorine.  Still others, studying model reactions, argued that the rates of these two steps must be essentially equal (Bernstein and Albright 1972).  Apparently, the conclusive evidence supporting any single hypothesis is still lacking.  Moreover, the concept of the free radical chain propagation mechanism has not been proven conclusively.

Previous studies of chlorination of toluene were mainly carried out in bubble column or sparged reactors. The radiation source, such as a lamp, was either inserted into a light well, which was immersed into the reaction medium (Haring and Knol 1964; Yokota et al 1983; André, Tournier and Deglise 1983) or was located outside the reactor (Ratcliffe 1966; Font and Ratcliffe 1972). No matter what kind of light was used, a similar reaction product distribution was found, while different kinetic data and expressions were reported. The experimental studies from three major research groups are reviewed.
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FIGURE 3 - 1. Glass reaction vessel used by Haring and Knol 1964.

Haring and Knol (1964) conducted a series of experiments and evaluated the overall performance of a gas-liquid reactor for the side-chain chlorination of toluene. The schematic diagram of the reactor they used is shown Figure 3-1. The Pyrex glass reactor consisted of four concentric tubes forming an annular reaction column surrounded by an inner and outer cooling mantle.  Into the center tube, a standard 40 W fluorescent lamp was inserted. Cooling water provided temperature control for the reaction as well as for the fluorescent lamp.  Chlorine inlet and product outlet tubes were situated at the bottom, while toluene feed, reflux inlet and the hydrogen chloride/toluene vapor outlet tubes were at the top of the reactor.  The reaction system was handled in both continuous and semi-batch modes. The effect of temperatures and radiation sources on the reactor performance were examined by conducting the photochlorination at two temperature levels, 40SYMBOL 176 \f "Symbol" and 100°C, and using various lamps having different spectral energy distribution with maximum values from far ultraviolet to darkness.  In a typical continuous experiment, chlorine was introduced into the reaction mixture at the lower end of the tube with liquid toluene flowing counter-currently to the gas stream from the top of the reactor. The semi-batch chlorination experiments were conducted with a batch of freshly distilled toluene, preheated to the desired temperature by passing the stream through the outer jacket, and premixed with nitrogen by bubbling chlorine gas.

The product distribution with reaction time was measured in the semi-batch reactor.  Based on the obtained experimental results, Haring and Knol (1964) proposed the following pseudo first order kinetic equations for the observed consecutive reactions of the side-chain chlorination of toluene: 
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where x1, x2, x3 and x4 are the mole fractions of toluene, benzyl chloride, benzal chloride and benzotrichloride, respectively. Thus, x1 + x2 + x3 + x4 = 1. The rate dependence on the dissolved chlorine was neglected by assuming constant concentration of chlorine in the solution.

The pseudo first order rate constants reported at two temperature levels, different wavelengths of light, and local pressure of 1 atmosphere was summarized in Table 3-1. The table shows that at a number of wavelengths the pseudo first order rate constant at 40(C is greater than at 100(C.  Thus, the observed activation energies are negative.

TABLE 3 - 1. Consecutive reaction rate constants for the side-chain chlorination of toluene, at two temperature levels, and with different light source (Haring and Knol 1964).

Source of light

k1,pseu 

(hr-1)

k2,pseu 

(hr-1)

k3,pseu 

(hr-1)


Name
SYMBOL 108 \f "Symbol" (nm)

(max. energy) 
40SYMBOL 176 \f "Symbol"C
100SYMBOL 176 \f "Symbol"C
40SYMBOL 176 \f "Symbol"C
100SYMBOL 176 \f "Symbol"C
40SYMBOL 176 \f "Symbol"C
100SYMBOL 176 \f "Symbol"C

Darkness

SYMBOL 45 \f "Symbol"
0.21
SYMBOL 45 \f "Symbol"
0.035
SYMBOL 45 \f "Symbol"
0.006

Yellow
590
0.9
0.73
0.11
0.12
0.013
0.02

Green
520
2.4
SYMBOL 45 \f "Symbol"
0.29
SYMBOL 45 \f "Symbol"
0.034
SYMBOL 45 \f "Symbol"

Blue 1/1
425
10.7
5.2
1.3
0.85
0.15
0.15

Blue 1/3
425
SYMBOL 45 \f "Symbol"
4.9
SYMBOL 45 \f "Symbol"
0.8
SYMBOL 45 \f "Symbol"
0.14

Ultraviolet
370
6.0
3.2
0.71
0.53
0.083
0.093

Bactericide
253.7
3.9
SYMBOL 45 \f "Symbol"
0.47
SYMBOL 45 \f "Symbol"
0.055
SYMBOL 45 \f "Symbol"

Font and Raticliffe (1972) performed the experiments of chlorination in a conventional bubble column reactor at various temperatures and obtained different results. The capacity of the bubble column used by Font and Ratcliffe was 300 ml and a nominal diameter was 4.5 cm. The chlorine gas was introduced into the column from the bottom. A stirrer at a speed up to 2000 rpm was used to agitate the reaction medium. Two 20 W Philips TL 18 fluorescent light tubes were mounted side by side, parallel to the axis of the reactor, to illuminate the reactor.  The pseudo first order rate constants under these conditions were determined and are listed in Table 3-2.

TABLE 3 - 2. Pseudo first order rate constants measured by Font and Ratcliffe 

Temperature

( ºC )
k1,pseu

(hr-1)
k2,pseu

(hr-1)
k3,pseu

(hr-1)

45
20.34
3.00
0.37

50
23.58
3.50
0.44

55
29.66
4.39
0.56

60
34.74
5.15
0.66

65
38.16
5.69
0.78

70
42.84
6.41
0.91

75
46.08
7.09
1.02

80
50.04
7.92
1.14

The pseudo first order rate constants increased with temperature, which means that the values of activation energy are positive. Comparing the kinetic data in Table 3-1 and 3-2, one finds that the pseudo first order rate constants measured by Font and Ratcliffe are always greater than those by Haring and Knol at all temperature levels. The differences can be attributed to the different reactors and reaction conditions employed in their experimental studies. However, this implies that the true rate constants were not found and the reported apparent constants may be masked by transport effects.  In Font and Ratcliffe’s experiments, the chlorination of toluene was carried out in a conventional bubble column whose length to diameter ratio was about 4.2.  It was found that the same performance was obtained with and without agitation of the reaction medium by a stirrer, which indicates that the mass transfer rate of the chlorine gas to the liquid phase was always sufficiently high. However, these reaction conditions can hardly be achieved in Haring and Knol’s annular bubble column whose center was occupied by a light well. The ratio of column length to equivalent diameter was around 25. There was no additional mixing device installed in the reactor. The gas and liquid phase could not be well mixed as the chlorine gas bubbled through the liquid in the annular space. A low mass transfer rate could be expected in the Haring and Konl’s reactor. Therefore, the measured rate constants by Haring and Knol are lower than those determined by Font and Raticliffe.  Moreover, they are not really kinetic constants but rate constants masked by a mass transfer effect.  The presence and importance of diffusional effects in most photo chlorination reactions in a gas-liquid system were reported by many investigators (Font and Raticliffe 1972; André, Tournier and Deglise 1983; Alfano and Cassano 1988).

André et al (André, Tournier and Deglise 1983) also investigated the photochlorination of toluene.  A sketch of the photo reactor they employed is shown in Figure 3-2.  A low-pressure mercury vapor lamp was placed in the center of the cylindrical reactor.  The chlorine gas bubbled into the reactor through the gas dispersers that were located at different heights inside the reactor. Two reaction regimes, kinetic and diffusion, were identified under different reaction conditions.  The kinetic regime existed when the reaction in the liquid was sufficiently slow in the darkness so that the chlorine bubbles ensured a continuous supply of chlorine to the whole liquid volume in the reactor.  The reaction remained in this regime if the intensity of light was low.  At high incident light intensities, the reaction switches to the diffusion regime when mass transfer limitations for chlorine were pronounced and the chlorination of toluene occurred only in the vicinity of the chlorine bubbles. 
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FIGURE 3 - 2. Schematic representation of Photo reactor used by Andre et al. 1983.

In the kinetic regime, the authors derived the following reaction rates for the various species:
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Here SYMBOL 102 \f "Symbol" is the quantum yield of photolysis at the irradiation wavelength, Ia is the absorbed light intensity, and kt  is the rate constant of a biradical termination process described by equation (3-11) which was the only step considered as the chain termination reaction. If the reaction intermediates such as free radicals reach a pseudo-steady state, the production rates of chlorine free radicals in step by (3-4) is equal to the termination rate in step (3-11). The concentration of chlorine free radicals in the liquid phase would then be a constant as the reaction medium was exposed to a constant radiation flux rate. The term, 
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 in equations from (3-25) to (3-28), actually represents the chlorine free radical concentration when the radicals are uniformly distributed in the photo reactor. The rate constants  for  the steps  given  by  equations     (3-5), (3-7) and (3-9) at 50 °C and for the light source with wavelength of 313 nm were measured experimentally and are given in Table 3-3.

Similar kinetic equations were reported by other researchers (Ryabov et al. 1972; Yang, Thomas and Cullinan 1975).  The difference is that the reaction rates are of half order with respect to the radiation intensity of the reaction system. Using hydrogen as a model for alkane and aromatic hydrocarbons, Bernstein and Albright (1972) proposed the following rate equation for the thermal chlorination:
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TABLE 3 - 3. Rate constants determined by André et al (1983) at 50 (C and wavelength of 313 nm.

k1
(l/mol sec.)
k2
(l/mol sec.)
k3
(l/mol sec.)

107.4
106.6
105.7

3.2 Discussion of Previous Kinetic Studies

Previous kinetic studies of the chlorination of toluene have not provided consistent information.  For example, the rate constants reported are either intrinsic rate constants for the reaction or apparent pseudo first order rate constants possibly masked by mass transfer effects.  The main reason is that the reaction itself has a number of complicating features.  In this section, we try to compare the results from different research groups and understand them from the viewpoint of kinetics and thermodynamics.

The proposed reaction mechanism represented by equations (3-4) to (3-20), which includes each elementary step, is complex.  First, it has to be simplified, especially the termination steps in the liquid phase, before previous kinetic results can be analyzed.  Although the termination steps involve the reactions (3-11) to (3-20), the fastest step should be the one shown in (3-11) if one considers the steric effect.  For a rapid reaction involving two species in solution, the observed reaction rate may depend on the rate of the diffusion at which the reactant molecules diffuse towards each other (Laidler 1987).  In this case, the diffusion rate can be estimated according to the kinetic theory assuming that step (3-11) is dominant. 

If the measured termination rate is equal to the rate of diffusion, the reaction rate is under full microscopic diffusion control (Laidler 1987).  For some reactions the rates of chemical reaction and diffusion are similar in magnitude, then the reaction is under partial microscopic diffusion control.  If we assume that the termination reaction is in full microscopic diffusion control, the rate of reaction can be expressed as follows (Laidler 1987):
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where kD is the rate constant of diffusion, and [Cl(] is the concentration of chlorine free radicals in liquid toluene.  The rate constant for the fully diffusion-controlled reaction is expressed as (Laidler 1987):
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where DCl( is the diffusion coefficient of chlorine free radicals in the liquid toluene, and d is the critical distance at which two chlorine free radicals immediately react to form Cl2.

Unlike diffusion coefficients of molecules in gases which can be predicted by the kinetic molecular theory, the diffusion coefficients of molecules in liquids are more difficult to estimate from the kinetic molecular theory since intermolecular forces can not be neglected.  Consequently, the prospects of extending the kinetic molecular theory to the liquid state are not promising.  For the liquid system, it has proven more fruitful to use a continuum model in which the interaction force between molecules is accounted for as a frictional drag (Kärger and Ruthven 1992).  Several equations can be used to calculate the diffusion coefficients (Kärger and Ruthven 1992).  The Stokes-Einstein expression relating the diffusivity to the fluid viscosity can provide a good estimate because the calculated diffusivities and measured ones are of the same order of magnitude (Kärger and Ruthven 1992).  Therefore the diffusion coefficient of the chlorine free radical is estimated using the Stokes-Einstein equation:
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where k is the Boltzmann constant, ( is the viscosity of liquid, and  is the molecular size which is derived from the Van Der Waals co-volume, b = (2/3)3, whose value is 5.622(10-5 m3/mol for gas chlorine. The volume of a chlorine molecule is equal to the molar volume divided by Avogadro constant, NA. In this work, we assume that the geometry of a chlorine free radical is identical to a chlorine atom, whose diameter is half of a chlorine molecule. Table 3-4 lists the calculated diffusion coefficients of chlorine free radicals in liquid toluene at various temperatures.  The rate constants of diffusion at various temperatures are also listed in the same table.

TABLE 3 - 4. Diffusion Coefficients of Chlorine free radical and Rate Constants at Various Temperatures
T, oC
40
50
60
70
80
90
100
110

DCl•(109, 

m2/s
5.549
6.369
7.255
8.207
8.223
10.30
11.45
12.66

kD(10-10, 

l/mol s
1.489
1.709
1.947
2.202
2.475
2.765
3.072
3.396

The termination rate constant is reported to equal to 2.51×1012 l/mol.sec based on experiments which were carried out in gas phase (Alfano and Cassano 1988).   This value can be considered as the intrinsic rate constant of the termination reaction between chlorine free radicals without the effect of mass transfer.  This value is 2 orders of magnitude higher than the estimated rate constant for a diffusion limited reaction in the liquid solvent.  Therefore, in the liquid phase, the rate of diffusion of chlorine free radicals seems dominant in the termination step.  

It should be pointed that the chlorine free radical is the smallest among the free radicals in the reaction system. The other free radicals move slower than the chlorine free radical based on Stokes-Einstein equation. Therefore, the termination reactions (3-12) to (3-20) can be neglected in comparison to the chlorine binary free radical reaction   (3-11).  

Free radical chain reactions can usually be assumed to reach a pseudo-steady state due to very low concentration of the free radicals. Therefore, the initiation rate is equal to the termination rate. In the side-chain chlorination of toluene, the free radical chain reactions start with the generation of chlorine free radicals. The reaction rate of the initiation depends on the local photon flux rate, wavelength of the photon radiation, and absorption coefficient of chlorine. When the reaction media is exposed to the photon radiation of single wavelength, the initiation rate can be expressed as follows:
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where I( is photon flux rate at a given frequency, (; is quantum efficiency;( is absorption coefficient of chlorine at the frequency, (; and [Cl2] is the concentration of chlorine. The termination rate for (3-11) is written as follows:
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Therefore, 
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From the above relationship, the concentration of chlorine free radicals is determined as:
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Based on the reaction mechanism represented by equations (3-4) to (3-11), the reaction rate expressions for the reactant and products are obtained as follows if the pseudo steady-state assumption holds and the effect of mass transfer is negligible (see Appendix B). 
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Comparing the above expressions with those given by equations (3-21) to (3-24), we find that the pseudo first order rate constants reported by Haring and Knol (1964), and Font and Ratcliffe (1972) are actually the product of the intrinsic rate constant and concentration of chlorine free radicals. The pseudo first order rate constant can be expressed by the following equation:
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According to  the Arrhenius expression of a rate constant, equation (3-41) can be rewritten as
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where 
[image: image27.wmf]pseu

i

k

,

0

 and Eai, app are frequency factor and apparent activation energy for the psedu first order reaction i, respectively. 
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From equations (3-36) and (3-42), we know that the concentration of chlorine in the liquid is crucial in determining the pseudo first order rate constant.  The highest concentration of chlorine in liquid toluene occurs if the liquid is saturated with chlorine, which can be determined by Henry's law as follows:
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where 
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 is the partial pressure of chlorine in gas phase and He is the Henry’s constant of chlorine. The dependence of Hanry’s constant as a function of temperature is expressed as follows:
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where (Hs is the heat of solution. The solubility of chlorine in liquid toluene at various temperatures is plotted in Figure 3-3.  It can be seen from this figure that the solubility of chlorine decreases as temperature increases. 

If the liquid toluene is saturated with chlorine, the apparent activation energy for the pseudo first order rate constant can be derived from equations (3-36), (3-42) to (3-44) as follows: 
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In the presence of mass transfer from gas to the liquid and reaction in the liquid, the concentration of chlorine is always lower than the solubility of chlorine. The variation of the chlorine concentration affects the pseudo first order rate constant and the apparent activation energy. 

[image: image33.wmf]0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

290

315

340

365

390

Temperature, K

Solubility of Cl2 in toluene, mol/l


FIGURE 3 - 3. Solubility of Chlorine in Toluene Liquid at Various Temperatures.

As expressed in Equation (3-36), the concentration of chlorine free radicals varies with reaction conditions such as temperature, mass transfer rate of chlorine gas to the liquid, radiation source and photon flux rate to the photo reactor, and the mixing state of the liquid phase, etc. In order to compare the kinetic data obtained from different research groups, selectivity parameters, which are defined as the ratios of the rate constants, have to be considered.  In this manner, the effect of the concentration of the chlorine free radicals can be eliminated.  In this reaction system two selectivity parameters can be derived for the consecutive reactions as follows:
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If there are no concentration gradients for any of the reaction species, the parameters s1 and s2 based on the rate constants reported by various investigators should be about the same.  All the published data has been summarized and the selectivity parameters are plotted against temperature in Figures 3-4 and 3-5.  It can be seen from these two figures that only two data points, which were calculated from the results of Ractcliff and Yang, deviate from an apparent trend. In general, the selectivity parameters decrease with increased temperature. It is noticed that the selectivity parameter s1 derived from Haring's results is larger than Font’s and Andre's values, although no additional mixing device was used in Haring's system. The possible reason is that the photo radiation applied in Font's and Andre's systems was relatively high. The kinetic control regime might not be achieved in their system. The reaction rates might be higher than those of mass transfer. Benzyl chloride produced near the chlorine bubble would react with the chlorine free radical further. Such effect is more severe as the reaction rate is higher.  Under the lower reaction rate, the effect of mass transfer can be eliminated more readily. The selectivity parameter s2 derived from the results of the three groups agreed with each other quite well.
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FIGURE 3 - 4. Plot of a selectivity parameter, S1, versus temperature from published data (Haring and Knol 1964; Ratcliffe 1966; Font and Ratcliffe 1972; Yang, Thomas and Cullinan 1975; André, Tournier and Deglise 1983).
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FIGURE 3 - 5. Plot of a selectivity parameter, S2, versus temperature from published data (Haring and Knol 1964; Ratcliffe 1966; Font and Ratcliffe 1972; Yang, Thomas and Cullinan 1975; André, Tournier and Deglise 1983).

Using Arrhenius correlation and the selectivity parameters, one can determine the activation energy differences between consecutive reactions from the pseudo first order rate constants by plotting the logarithm of the selectivity parameters versus reciprocal of the absolute temperature.  These kinetic parameters determined from the reported pseudo first rate constants measured by Haring and Knol, and Font and Ratcliffe are listed in Table 3-5 (see details in Appendix A). Those values determined by Ryabov et al. (1972) are also shown in the same table for comparison. 

TABLE 3 - 5. Activation energies difference of the consecutive reactions
Authors
Ea1-Ea2
( kJ/mol)
Ea2-Ea3
( kJ/mol)

Haring and Knol, 1964
-5.034
-6.339

Font and Ratcliffe, 1972
-1.583
-4.515

Ryabov et al, 1972
-9.205
-11.715

The data indicates that the activation energies increase as one moves from the first, to the second, and the third substitution reaction on the toluene methyl group.  However, there is no agreement among various investigators. That can be possibly attributed to the complexity of the photo-reaction carried out in a heterogeneous system. Non uniformity of reaction species is more severe in the photo reactor than in the conventional one, which may lead to some contradictory results among different authors. Therefore, a rigorous reaction model for the photo chlorination of toluene conducted in a bubble column/sparged reactor currently employed in the commercial process is required to help people understand the process better.

For a gas-liquid reaction which involves two different phases, the reaction rate measured may be the rate of mass transfer, or the rate of the chemical reaction, or the rate of combined mass transfer and chemical reaction.  In the chlorination of toluene, the reaction occurs in the liquid phase. The resistance to mass transfer is confined to the liquid phase. Numerous mathematical models were developed to study the relationship between chemical reaction and mass transfer (Danckwerts 1970).  In this case, mass transfer is often referred to as diffusion.  One of these models is the film theory proposed by Whitman (1923) and by Lewis and Whitman (1924).  Compared with other models, the film model is the simplest.  The model incorporates an essential feature of the real system, namely, that the gas must get into the liquid by dissolution and molecular diffusion before it can be transported by convection (Danckwerts 1970).  The predictions based on the film model are usually remarkably similar to those based on more sophisticated models, and are indeed sometimes identical (Danckwerts 1970).  Therefore, the theory is widely applied to the gas-liquid reaction systems.  The model essentially attributes all resistance to mass transfer to a thin film at the gas-liquid boundary layer.  Based on the model, the characteristics of different reaction regimes were developed and can be used to evaluate the role of mass transfer and chemical reaction qualitatively.  The simplest way to determine which rate is dominant is to compare the characteristic reaction time tr with characteristic diffusion time tD.  tr is a measure of the time required by the chemical reaction in order to change by a significant amount the concentration of the limiting reactant (Astarita 1983).  tD is a measure of the time required for molecular diffusion phenomena to take place before mixing of the liquid phase makes the concentration uniform.  

According to Astarita (1983), tD and tr can be expressed as follows:
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where DA is diffusivity of gaseous  species A in the liquid, and kl is mass transfer coefficient of species A in the liquid.
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where cA* is the concentration of gas species A at the gas-liquid interface, and RA* is the reaction rate at the gas-liquid interface. In the photo reaction, light intensity decays exponentially along it radiation path according to Lambert's law.  The light intensity is not uniformly distributed inside the reactor. The absorption coefficient of chlorine is a function of wavelength as shown in Figure 3-6. In our reaction system, the local concentration of chlorine free radical depends on light intensity and its wavelength as described by equation (3-36) although the concentration of chlorine is constant.  Therefore, the reaction rates vary with the location inside the reactor. The characteristic time, tr , is then not a constant because of different reaction rates. Multiple reaction regimes can possibly exist in the photo reactor. In order to illustrate the effect of light intensity on the reaction regime, plots of characteristic reaction and diffusion time as function of photon flux rate are made for the consecutive reaction at various radiation sources, which are shown in Figures 3-7 to 3-9. 
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FIGURE 3 - 6. Absorption coefficients of chlorine gas as a function of wave length. Concentrations are expressed in mole per liter, distance in centimeters , and logarithms are on base ten. (Halban et al. 1922).

The characteristic reaction time decreases with the increase in the photon flux rate for all wavelengths of interest. The decaying rate is higher for radiation with shorter wavelength than with longer wavelength. In the range of photon flux rates examined, the characteristic reaction time for chlorination of toluene to benzyl chloride decreases from the value greater than the characteristic diffusion time to smaller value as the photon flux rates increase, which is shown in Figure 3-7. With the increase of the photon flux
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FIGURE 3 - 7. Characteristic diffusion and reaction time for chlorination of toluene to benzyl chloride versus photon flux rate at various wavelengths.
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FIGURE 3 - 8. Characteristic diffusion and reaction time for chlorination of benzyl chloride to benzal chloride versus photon flux rate at various wavelengths.
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FIGURE 3 - 9. Characteristic diffusion and reaction time for chlorination of benzal chloride to benzotrichloride chloride versus photon flux rate at various wavelengths.

rates, the characteristic reaction time for chlorination of benzyl chloride gradually decreases and approaches the characteristic diffusion time as shown in Figure 3-8. However, the characteristic reaction time for chlorination of benzal chloride to benzotrichloride is always less than the characteristic diffusion time for all wavelengths as shown in Figure 3-9. 

The relative rate of reaction and diffusion is expressed by the dimensionless ratio, Ha2, of characteristic time for diffusion and reaction as follows:
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Ha is called Hatta number. When Ha2 << 1, the reaction is too slow to be significantly affected by the diffusion, and essentially no absorption rate enhancement will take place.  This is referred as the “slow reaction regime”.  Conversely, if Ha2 >> 1, the reaction is fast enough to result in a significant rate of absorption enhancement as the reaction occurs in the film close to the gas-liquid interface. This is called fast reaction regime.  However, there is an upper bound to the possible rate of absorption enhancement which is attained when all the resistance due to chemical kinetics has been eliminated and the reaction occurs at the gas-liquid interface.  This is the regime called instantaneous reaction.  For a conventional gas-liquid reaction under well-mixed conditions, Ha2 is usually a constant.  However, for a gas-liquid photo reaction, Ha2 becomes more complex and is related to the photon flux rate and the wavelength due to the change of tr with photon flux rate and wavelength.  Figure 3-10 shows Ha2 as a function of photon flux rate for the reaction of toluene chlorination to benzyl chloride at various wavelengths.  If the photo flux rate is less than 2 Einstein/m2 sec, the reaction regime is slow reaction.  For a short wavelength, the reaction changes into a fast reaction rapidly as the photon flux rate is increased.  However, if the wavelength is large, the reaction remains in the range of the slow reaction whatever the value of the photon flux rate is.

Ha2 as a function of photon flux rate for the reaction of benzyl chloride to benzal chloride at various wavelengths is shown in Figure 3-11.  It is difficult to evaluate the 
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FIGURE 3 - 10. Ratio of characteristic diffusion to reaction time for chlorination of toluene to benzyl chloride versus photon flux rate at various wavelengths.

[image: image46.wmf]0.0

0.2

0.4

0.6

0.8

1.0

1.2

0

20

40

60

80

100

Photon Flux rate, Einstein/m

2

.sec

Ha

2

 = t

D

/t

r

  =313.0nm

  =366.0nm

  =404.0nm

  =495.0nm

l

l

l

l


FIGURE 3 - 11. Ratio of characteristic diffusion to reaction time for chlorination of benzyl chloride to benzal chloride versus photon flux rate at various wavelengths.
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FIGURE 3 - 12. Ratio of characteristic diffusion to reaction time for chlorination of benzal chloride to benzotrichloride versus photon flux rate at various wavelengths.

reaction regime.  It seems that the reaction is in the transition regime between the fast and slow reactions.

Figure 3-12 shows Ha2 as a function of photon flux rate for the reaction of benzal chloride to benzotrichloride at various wavelengths.  It is very clear to see that the reaction belongs to the slow reaction regime.

In a summary, the reaction regime strongly depends on the photon flux rate and wavelength for the chlorination of toluene. Therefore, it is difficult to evaluate the reaction regime using the normal models and criteria for a gas-liquid reaction.  It is necessary to measure the distribution of photon flux rate inside reactor before evaluating the reaction regime because it is impossible to keep the photon flux rate evenly in the whole photo reactor.
3.3 Reaction System for Photo Chlorination of Toluene

In a gas-liquid sparged/bubble column reactor, if the light is uniformly distributed inside the reactor and the concentration of chlorine in the liquid is constant, then the pseudo first order kinetic equations (3-21) to (3-24) hold. The pseudo first order rate constant is the product of the intrinsic rate constant and concentration of chlorine free radicals, which is shown in the previous section. If initially the reactor consists of pure toluene and the competitive reactions are neglected, the species distribution in a batch reactor can be readily derived as following:
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Therefore, the species distribution as a function of reaction time can be calculated using equations (3-51) to (3-54) and is plotted in Figure 3-13. The mole fraction of benzyl chloride increases and then decreases with time. The selectivity to benzyl chloride decreases with the increase in toluene conversion, which is illustrated in Figure 3-14.
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FIGURE 3 - 13. The species distribution of toluene and side-chain chlorinated products with time. [reaction conditions: 80 (C; uniform photon radiation of 313 nm with photon flux rate of 0.5 Einstein/m2.sec.; [Cl2] of 0.04 mol/m3; Kinetic data based on Font and Ratcliffe's (1972)]

In order to achieve high selectivity to benzyl chloride, a series of bubble column is currently used in practice as shown in Figure 3-15. The liquid toluene is first saturated with chlorine. Then the reaction is initiated by applying photon radiation. The reaction product, benzyl chloride, should be removed immediately as soon as it is formed. Therefore, good reactors for this type of reactions should have the following features: ability to maintaine a low conversion of toluene at local site, ability to separate all reaction products from toluene, and ability to recycle unreacted toluene.
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FIGURE 3 - 14. The selectivity to benzyl chloride versus conversion of toluene (reaction conditions: 80 (C; uniform photon radiation of 313 nm with photon flux rate of 0.5 Einstein/m2.sec.; [Cl2] of 0.04 mol/m3; Kinetic data based on Font and Ratcliffe's experimental results (1972))

To achieve this goal, one currently use a series of bubble column reactors. Toluene passes through the reactors from one to another continuously and chlorine gas is bubbled into the reactor from the bottom of each reactor. This creates a tanks in series flow pattern for toluene and a cross flow pattern for chlorine which is ideal for maximizing the yield of the first and desired intermediate, benzyl chloride. The unreacted toluene is separated from the reaction products and recycled back externally to the reactor. This is what is used in the current industrial process as shown in Figure 3-15.

 
[image: image55.wmf]Toluene

Chlorine

Off gas

Off gas

Off gas

Off gas

Reaction

products


FIGURE 3 - 15. Schematic diagram of industrial process of photochlorination of toluene.

The separation of toluene from reaction products and recycling toluene back to reaction zone can also be accomplished by using a reactive distillation column, where the reaction and separation are carried out simultaneously. Scipioni (1951) performed some experiments of photo chlorination of toluene in a reactive distillation column and found that high selectivity to benzyl chloride can be achieved at high conversion of toluene. However, he did not demonstrate how the reaction conditions would affect the performance of the reactive distillation column. A systematic experimental study and appropriate reaction model are necessary to evaluate the potential of such system as an alternative to the current industrial process. 
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